Abstract MicroRNAs (miRNAs) play an important role in plant growth, development and responses to stresses. Rice blast is one of the most devastating diseases in rice production. However, little is known regarding the effects of miRNAs response to rice blast. Herein, by deep sequencing small RNA from the susceptible line ZhongerRuanzhan and its space-induced blast resistant mutant line H 4 u n d e r n o r m a l c o n d i t i o n s a n d u p o n Magnaporthe oryzae (M. orzyzae) infection, several known miRNAs were detected and their expression profiles were found to be negatively correlated with their targets. And, a total of 50 novel miRNAs induced by M. oryzae infection were also identified from four small RNA libraries. Moreover, 176 putative targets of 23 novel miRNAs, which are involved in the various functions, were validated by two degradome analysis. Six novel miRNAs were selected for further validation with qRT-PCR analysis and the results showed that their expression levels were associated with blast response. The knowledge obtained in this study will help us understanding the functions of miRNAs and their targets in regulating blast resistance.
Introduction
Rice blast is one of the most serious and devastating diseases that cause huge economic losses in rice production. The development of resistant lines is closely related to maintenance and improvement of rice grain yield and quality. To date, multiple regulatory factors that mediate rice resistance to diseases have been identified by a combination of genetic, biochemical and high-throughput sequencing approaches. However, the relevant regulatory mechanisms and the complex regulatory networks still need to be further elucidated.
MicroRNAs (miRNAs) are one of the most abundant small RNAs (sRNAs) in plants and their typical lengths are 18-25 nucleotides (Li et al. 2014) . They are a group of endogenous, non-coding sRNAs involved in regulating gene expression mainly via repressing the translation or mediating the cleavage of target mRNA at the post-transcriptional level (Campo et al. 2013) . In addition to their role in regulating gene expression associated with various plant developmental processes, such as organ morphogenesis, signal transduction pathway, responses to environmental stresses (Lu et al. 2007) , miRNAs have also emerged as a potentially important means to be applied in the studies on the complex regulatory networks being operated during plantfungus interactions (Jones-Rhoades and Bartel 2004; Nunes et al. 2011; Zhao et al. 2012a, b) .
The discovery and functional analysis of miRNAs related to rice blast have been performed to a certain extent. Host miRNAs are involved in the interactions between rice and rice blast. It has been demonstrated that the expression profiles of miRNAs are modulated by blast stress and M. oryzae-derived elicitors could induce the expression of a number of miRNAs in rice (Campo et al. 2013; Wu et al. 2009; Zhu et al. 2008) . Accumulating evidence has demonstrated that a number of miRNAs are involved in rice immunity against the blast fungus. For example, osa-miR7695 was reported to mediate the negative regulation of natural resistanceassociated macrophage protein 6 (OsNramp6) to rice blast (Campo et al. 2013) . And, overexpression of miR160a and miR398b enhanced plant resistance by restraining the fungal growth (Li et al. 2014) . Moreover, it has been verified recently that osa-miR169 negatively regulates rice immunity by differentially repressing its target genes, the NF-YA family members (Li et al. 2017) . These studies have indicated that miRNAs play an important role in rice immunity against M. oryzae.
To date, the next-generation sequencing technologies have provided high-throughput quantitative expression profiles with high accuracy that can greatly improve the identification of novel miRNAs. These technologies have been widely used in the identification of rice miRNAs (Addo-Quaye et al. 2008; German et al. 2008; Li et al. 2011; Li et al. 2016; Sunkar et al. 2008; Zhang et al. 2010) . Moreover, degradome sequencing and/or parallel analysis of RNA ends (PARE) provide the efficient tools to identify sRNA targets by directly and globally identifying the residues of sRNA-directed target cleavage (Deng et al. 2006; Morin et al. 2008; Zhu et al. 2008) . Herein, in order to identify novel miRNAs and miRNA-targets modulated by biotic stress, we sequenced four small RNAs and two degradome sequencing libraries. As the result, a total of 50 novel miRNAs and 176 miRNA-targets were identified in rice during M. oryzae infection. Among them, the expression profiles of six selected novel miRNAs were further validated by qRT-PCR and the target genes of four miRNAs were detected through degradome sequencing. Therefore, our data has provided the valuable information for investigating the miRNAs induced by rice blast and the interactions with their targets. Furthermore, further research on rice-blast fungus plant-pathogen system will enable us to reveal the molecular mechanisms and to gain new insights into the related regulatory factors, and to apply new findings in rice resistance breeding.
Materials and Methods

Plant material
One susceptible line ZhongerRuanzhan (ZE) and its space-induced blast resistant mutant line H4 were used in this study. H4 contains the resistance gene of Pik-H4, an allele at the Pik locus in the ZE background (Xiao et al. 2011 ). The M. oryzae race GD0193, one of the conidia/ ml, containing 0.02% v/v gelatin). Leaves of H4 and ZE were collected at 0 h, 24 h after inoculation (HAI), respectively. Four small RNA libraries (Table 1) were constructed with the small RNA extracted from the collected leaves and subjected to high throughput sequencing. For two degradome library construction, equal amounts of RNA samples (water-treated and pathogen-treated) of ZE isolated at 0 h and 24 h after inoculation were mixed to generate one degradome library S, and equal amounts of RNA samples (watertreated and pathogen-treated) of H4 isolated at 0 h and 24 h after inoculation were mixed to generate another degradome library R. All the samples were immediately frozen in liquid nitrogen, and stored at −80°C for further use.
Construction and sequencing of sRNA and degradome libraries Small RNA library construction and Illumina sequencing were performed as described (Mi et al. 2008) . Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA), and sRNAs were separated and enriched by size fractionation with 15% denaturing PAGE. Purified 18-30 nt sRNAs were reversely transcribed after ligating 5'and 3'adaptors, and subsequently sequenced using a Solexa high-throughput sequencer (Illumina, USA) at BGI, Shenzhen, China.
The quantity and purity of the isolated total RNA were examined by using Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with RIN number > 7.0. Approximately 20 μg of total RNA were used to prepare degradome library as reported previously (Li et al. 2015; Addo-Quaye et al. 2008; Hafner et al. 2008) . The single-end sequencing (36 bp) was performed on an Illumina Hiseq2500 at the LC-BIO (Hangzhou, China) following the vendor's recommended protocol.
Analysis of target gene expression through microarray
Analysis of gene expression profiles was performed on the GeneChip rice genome array (Affymetrix, Santa Clara, CA). The plant materials were sampled at 0 h and 24 h after inoculation. The expression profiles of corresponding target genes were clustered by Cluster 3.0 to explore the functions of novel miRNAs. The cluster analysis was performed by adapting the hierarchical, Median Center (gene), and average linkage program.
Analysis of gene expression profiles with qRT-PCR Total RNA was extracted from 100 mg of rice seedlings with Trizol (Invitrogen, Carlsbad, CA, USA), and purified RNA was reversely transcribed into cDNA using PrimeScript™RT Reagent Kit (Takara, Dalian, China). The qRT-PCR assay was performed using the Applied Biosystems TaqMan® microRNA Assay (Foster City, CA, USA). A two-step assay was performed on a RoterGene-6000 (Corbett Research, Australia) according to commercial protocols. After being normalized by reference gene U6 RNA, relative quantification of expression levels of novel miRNA was calculated with 2 -ΔΔCT method (Livak and Schmittgen 2001) using the manual threshold cycle setting. All samples and standards were run in triplicate.
Results
Deep sequencing of four sRNA libraries
To identify the miRNAs elicited by blast fungus, four libraries were constructed (Table 1) and the results were shown in Table 2 , with the lengths ranging from 10 to 30 nt. A majority of the redundant sRNAs were 21-24 nt in length (Fig. 1a) , consistent with the distribution of the typical sizes by dicer-derived products (Eulgem and Somssich 2007) .
These sRNA libraries showed variations among different rice lines and treatments (Fig. 1b) . Remarkable differences existed between two lines (ZE and H4) under one kind of treatment (mock or blast infection), as it demonstrated that the number of 79216 (3.15%) and 97743 (10.73%) unique sRNAs were found upon mock-and blast-treated libraries in different lines, respectively. However, the most significant changes were induced by the blast fungus in the ZE library, which shared only 54782 (2.72%) unique sRNAs with library A, though library A was the most abundant one; In contrast, the smallest difference was elicited by the blast pathogen in the resistant mutant library B, which shared 123609 (11.94%) unique sRNAs with library D. Therefore, these results suggested that diverse expression profiles of sRNAs might be related to blast resistance of rice lines.
Using the Short Oligonucleotide Analysis Package (SOAP)(Beijing Genomics Institute)(BGI) to match with the sRNA reads, the known rice sRNAs accounted for 85.46% (A, 7476714), 79.35% (B, 9647324), 77.70% (C, 7721715) and 76.10% (D, 8476386) of the rice genome, respectively. After removing other RNA categories matched to NCBI Genbank, Rfam database, known rice miRNA precursor, repeat associated RNA and siRNA, the remaining reads: 1681359(A); 3829741(B); 3182403(C); and 3970132(D), were used for further analysis, as shown in Fig. 1c .
Expression profiles of registered miRNAs and related sRNA signatures
Since some miRNAs were tissue-specific, time-specific or stress-induced, only 291, 210, 164 and 220 registered miRNAs were identified in libraries A, B, C and D respectively, as summarized in Table 3 . Particularly, osa-miR162 and osa-miR168 were both significantly down-regulated in the wild-type, while showed an inconspicuous difference in the mutant (Fig. 2a) . OsamiR162 and osa-miR168, which target AGO protein and DCL1, respectively, are more liable to be altered by the pathogen in the wild-type plant than in the mutant. Similarly, registered miRNAs showed the greatest diversity between library A and C, 135 registered miRNAs were expressed specifically in library A. On the other hand, 186 registered miRNAs appeared synchronously in library B and D, as shown in Fig. 2b .
The microarray analysis of rice genome expression was used for auxiliary identification of miRNA targets, which enable us to gain a better knowledge about miRNA functions (Sunkar et al. 2007 ). Therefore, we linked up with the expression profiles of miRNAs and their targets to further illustrate their relationships upon blast infection. As shown in Fig. 2c , the expression of miR164 was negatively correlated with its targets (LOC_Os12g05260, and LOC_Os04g40780) upon wide-type libraries. In addition, the expression profiles of miR528, miR535, miR156, miR166 and miR167 were negatively correlated with their targets to certain extents, respectively. Similar changes could also be seen in H4 as well (Fig. 2d) , demonstrating certain degradative functions of miRNA-targets. Thus, they may be involved in the regulation of rice immunity against M. oryzae infection.
Identification and analysis of novel miRNAs elicited by M. oryzae infection
To identify the novel miRNAs elicited by the blast pathogen infection, the surrounding sequences of unnamed sRNAs were extracted and their secondary structures were predicted by using RNAfold and Mireap. After being validated by Mircheck and following the previously set criteria (Rajagopalan et al. 2006; Song et al. 2010 ), a total of 50 novel miRNAs were identified Table 4 . Firstly, nine novel miRNAs, named T2-T10, occurred with miRNAs* synchronously in at least one library. Secondly, two sequences, T12 (osa-miR169c-a) and T13, were defined as the conserved miRNAs by alignment with osa-miRNA169 families and osa-miRNA818 families, separately, as shown in Fig. 3a , b. Thirdly, 39 unnamed novel miRNAs, from the 43 candidate miRNAs present in at least two libraries, were grouped into the third category and named T14-T52. Additionally, osa-miR2863b (T1) and osa-miR396i (T11)
reported from a previous study were also found in our research (Zhao et al. 2012a, b) . In plants, a majority of miRNAs are mainly derived from intergenic regions, and a minority of miRNAs is derived from introns or exons (Teune and Steger 2010) . Based on The Institute for Genomic Research (TIGR) database, 29 novel miRNAs are positioned in intergenic regions of the rice genome, 16 and 5 novel miRNAs were produced in introns and exons, respectively. They may be related to most of the non-conservative miRNAs derived from the coding regions ; Wei et al. . Some miRNAs can be the transcripts derived from the cluster area of the same miRNA site. In this study, we identified four miRNAs in precursor of annotated miRNAs, as shown in Fig. 3c . T14 and T36 resided on the same arm of osa-miR169f and osa-miR167e. Moreover, T48 and T51 were derived from the complementary arms of osa-miR399d and osa-miR2864. The lengths of novel miRNAs are mainly distributed in the range of 20 to 24 nt. It has been reported that 5 'U is a feature of plant miRNA, because AGO1 protein tends to be combined with U of the first base (Schreiber et al. 2011) . In this study, 19 novel miRNAs started with U. In addition, the eighth base is mainly G associated with the identification of RISC (Mei et al. 1998) , as shown in Fig. 3d . It is worth mentioning that there are nine miRNAs being 23 nt in length, and seven of which had a bias for G at the first position, suggesting that they may be a new type of rice miRNAs. Promoter elements play an important role in regulatory network of plant miRNAs, and their binding sites of many transcription factors, such as MYC, ARF, and LFY etc., can often be found in miRNA promoter regions. In our study, diverse kinds of cis-elements of these novel miRNAs had been identified in their promoter regions, some of which are related to fungal trigger or specific hormone responses (Table 5) . Among them, box-w1 and W-box, which belong to the fungal elicitor responsive elements, were found in the promoters of 19 novel miRNAs. Moreover, the motifs of CGTCA, TGA, TCA and TGACG responding to the stress induced by jasmonic acidmethyl (MeJA) and salicylic acid (SA) can be detected nearly in all the novel miRNAs except T33. Additionally, the upstream sequences of 27 novel miRNAs were embedded with TC-rich repeats, which are involved in defense and stress responsiveness. On the whole, a total of 50 novel miRNA genes were predicted to be associated with diverse transcription factors involved in defense against fungal infection and/or other stresses. 
Target analysis of novel miRNAs
Degradome sequencing is an effective and primary way to find the targets of miRNAs. In our study, two libraries were constructed to further validate the novel miRNA targets. After having removed the 3'adaptor and the structural RNAs (rRNAs, tRNAs, snRNAs, and s n o R N A s ) , 1 5 0 6 0 6 6 7 ( 9 9 . 5 3 % ) a n d 22988985(99.42%) clean reads from libraries S and R can be mapped to the genome, respectively. Among them, 5564896(99.49%) and 7268546(99.48%) unique mappable reads were produced, respectively (Table 6 ). Of which, 176 targets of 23 miRNAs were verified by degradome sequencing. Then, we gathered the miRNAtargets to conduct GO analysis and found that their functions were multifarious ( Fig. 4a and Additional files S2), including protein binding, signal transduction, response to stress etc. Nevertheless, not all the novel miRNAs were assigned with targets by degradome sequencing. Thus, whether this was due to their low expression levels and/or due to their negative regulation via translational repression needs to be validated with further experiments. We further analyzed the expression profiles of six novel miRNAs of genes that target the receptor Ser/Leu protein kinase or transcription factors or those involved in diverse biotic stress response with qRT-PCR. Of which, four novel miRNAs-targets were detected by degradome sequencing while the other two novel miRNAs-targets were predicted by bioinformatics ( Table 7) . As shown in Fig. 4b , the novel miRNAs displayed different kinds of expression patterns after inoculation. The first 48 HAI should be a key time interval during which novel miRNAs were modulated by pathogen infection to regulate their targets in responding to biotic stress. Among the first 48 intervals, the expression levels of T19, T34 and T46 showed the unified changes between wild types and their mutations. Of the three intervals 6 h, 12 h and 48 h, expression profiles of T19 and T46 displayed fluctuation as the inoculation time went by, but the expression of T34 kept rising. Other three miRNAs, the expression levels of T4, T13 and T51 changed irregularly between wild types and their mutations, which may be subjected to the resistant/susceptible material between ZE and H4.
Discussion
Changes in Expression Profiles of sRNAs or miRNAs
It is an economic way to control the destructive plant diseases such as rice blast with resistant cultivars . Therefore, a model of which major resistance gene prevents infection from a strain of M. oryzae carrying the corresponding avirulence gene (Zhao et al. 2012a, b) was proposed. However, the variations of the pathogen could overcome the resistance of the R gene and result in severe blast damage . To effectively address this challenge, Fungal elicitor responsive elements  T3,T6,T9,T16,T20,T26,T28,T29,T31, T33,T34,T36,T38,   T39,T42,T43,T49,T50,T51 MeJA-responsiveness and Salicylic acid responsiveness cis-elements T1-T32,T34-T52
Defence and stress responsiveness cis- elements  T2,T3,T5,T7-79,T12,T13,T16, T18-T22,T24,T27,T29,   T30,T32,T34, T36,T39,T40,T42 ,T44,T45,T49 the development of new sources of resistant germplasm and pyramiding different genes related to blast resistance are urgently needed. A mutant, H4, conferring stable and high-level resistance to blast at both the seedling and maturity stages was derived from a susceptible indica rice cv. ZE. H4 was found to be resistant to more isolates than twelve monogenic lines (Xiao et al. 2011) , suggesting that H4 can be an excellent source for the development of blast resistant varieties. In the current study, we attempted to explore the miRNAs induced by blast. It should be noted that under the mock-treated condition, H4 exhibited significantly diverse sRNA components different from those of the wild-type ZE, indicating that the variation in expression may be caused not only by stress but also by morphologic and material differences during normal growth. Since sRNA components of the wild-type are much more variable than those of the mutant after pathogen inoculation, the variation in sRNAs might also be another key factor in enhancing the resistance of mutant to the pathogen, and some sRNAs could be involved in the blast-stress response. For instance, Osa-miR162 and osa-miR168, which target AGO protein and DCL1, respectively, could interfere with the genesis of miRNAs (Morel et al. 2002; Zhou et al. 2007 ). The proteins required for sRNA biogenesis and function have been shown to be required for resistance to pathogens (Lindow et al. 2007 ). Herein, we found that blast-induced osa-miR162 and osa-miR168 were much more variable in the wild-type than in the mutant, and the variability was consistent with the greater changes in miRNA components or their expression levels in the wild-type (Fig. 2a) . Consequently, the stable expression profiles of some miRNAs might help to enhance the blast resistance in the mutant, and is, therefore, feasible to identify the novel miRNAs that respond to the pathogen.
A new type of 23 nt miRNA in rice
In plant, most of miRNAs are typically 21 nt or 22 nt in length. The 23 nt miRNAs are rare and it occurs only by bioinformatics prediction at an early stage (Willmann and Poethig 2007) . However, in the past several years, some 23 nt rice miRNAs, such as osa-miR1863b.2 (Zhao et al. 2012a, b) , the osa-miR2275c , the osa-miR5073 (Wei et al. 2006 ) and osamiR5340 (Willmann and Poethig 2007) , were registered in miRbase. In our study, nine novel miRNAs were identified from a large number of 23 nt sRNA signatures, which had been reported in Brassica napus. They might be a specific class of functional miRNAs lasting for certain period of time or under certain conditions (Vaucheret et al. 2004) . Seven of the nine novel miRNAs in rice preferred to be initiated with a G bias, but they were inconsistent with the 23 nt signatures from B. napus, which preferred to end with an A bias (Vaucheret et al. 2004) . This difference implicates that they may be related to specific functions in different organisms.
Moreover, the presence of 23 nt novel miRNAs was validated by the following lines of evidence: 1) two 23 nt miRNAs, T9 and T10, were supported by the presence of miRNA* and appropriate myeloid Elf-1 like Fig. 4 (continued) factors (MEFIs), thus they are authentic miRNAs (Lampard et al. 2008; Ledent et al. 2002) ; and 2) T21 and T52 were matched to a registered EST; and 3) the MEFI values of T20 and T41 were 1.27 and 1.20, respectively. The precursors of T20 and T41 were derived from repetitive loci, but these sequences with predicted fold-back structures could still be annotated as authentic loci for miRNA in rice (Lampard et al. 2008 ). Thus, they could be annotated. However, the other three novel miRNAs without define evidence, T18, T24 and T39, might not be bona fide miRNAs.
MiRNA-targeted genes involved in resistance variation
Since more comprehensive functional genes are affected by the non-conserved miRNAs rather than by the conserved miRNAs (Sonnenfeld et al. 2005) , genes with diverse functions were predicted to be the targets of the novel miRNAs. According to GO and KEGG analysis, the targeted genes may be involved in the blast-stress response pathway, and the novel miRNAs may play important roles in plant defense responses through regulation of their targeted genes.
Large families of basic helix-loop-helix (bHLH) transcription factors play essential roles in physiological and developmental processes (Fujiwara et al. 2006; Nishimura et al. 2009; Ono et al. 2001; Suharsono et al. 2002) . In M. oryzae, Mstu 1, an APSES protein with highly conserved bHLH DNA binding domains, is important for pathogenicity and asexual development (Kim et al. 2012) ; OsRac1 is a key regulator involved in the basal resistance and defense responses (Rushton et al. 2010; Ryu et al. 2006; Wu et al. 2005) . Rac Immunity 1(RAI1) encodes a putative bHLH transcription factor involved in the rice defense responses through regulating the elicitor-responsive genes encoding phenylalanine ammonia-lyase 1 (PAL1) and OsWRKY19 (Qiu and Yu 2009 ). In our study, LOC_Os10g42430.1 and LOC_Os04g41229.1 were indicated as the possible targets of T34 and T42, respectively, which encode bHLH transcription factors. In addition, the expression level of T34 was significantly increased in the 48 HAI, suggesting that T34 is induced by pathogen and responds to biotic stress by regulating its targets.
WRKY proteins, characterized by the WRKY domain that binds to a consensus cis-element termed W-box (TTGACT/C) (Shimono et al. 2007) , are a family of zinc-finger transcription factors involved in plant response to pathogen infection and a variety of environmental stresses. To date, more than 100 WRKY genes have been identified in rice genome (Qiu et al. 2007) , and many of them are involved in the immune response (Abbruscato et al. 2012) . The expression of OsWRKY45 is markedly induced in response to ABA and positively regulates the resistance to blast and bacterial blight (Han et al. 2013) . Overexpression of OsWRKY13 (Wei et al. 2013 ), OsWRKY22 (Chujo et al. 2007 ), OsWRKY30 ), OsWRKY31 (Nishizawa et al. 2016) , OsWRKY47 (Sunkar et al. 2006 ), OsWRKY53 (Sunkar et al. 2008) and OsWRKY89 (Dugas and Bartel 2008) clearly enhanced the resistance against blast fungus. In our study, Zinc-finger proteins LOC_Os06g47850.1 and WRKY DNA-binding protein LOC_Os02g08440, which were targeted by T31 and T34, repectively, were also identified, suggesting their possible roles in rice response to blast fungus.
Deposition of data
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